The energy transition towards renewable and more distributed power production triggers the need for grid and storage expansion on all voltage levels. Today's power system planning focuses on certain voltage levels or spatial resolutions. In this work we present an open source software tool eGo which is able to optimize grid and storage expansion throughout all voltage levels in a developed top-down approach. Operation and investment costs are minimized by applying a multi-period linear optimal power flow considering the grid infrastructure of the extra-high and high-voltage (380 to 110 kV) level. Hence, the common differentiation of transmission and distribution grid is partly dissolved, integrating the high-voltage level into the optimization problem. Consecutively, optimized curtailment and storage units are allocated in the medium voltage grid in order to lower medium and low voltage grid expansion needs, that are consequently determined. Here, heuristic optimization methods using the non-linear power flow were d eveloped. Applying the tool on future scenarios we derived cost-efficient grid and storage expansion for all voltage levels in G ermany. Due to the integrated approach storage expansion and curtailment can significantly lower grid expansion costs in medium and low voltage grids and at the same time serve the optimal functioning of the overall system. Nevertheless, the cost-reducing effect for the whole of Germany was marginal. Instead, the consideration of realistic, spatially differentiated time series lead to substantial overall savings.
Introduction 20
Historically, in Germany electric energy was supplied by large conventional power plants in the 21 transmission grid to consumers mainly connected to the distribution grid. Distribution grids were 22 therefore dimensioned to ensure power supply in extreme load cases. In this context, the clear division 23 of transmission and distribution operation and planning is reasonable.
24
In the year 2000, the German Renewable Energy Act was introduced in order to reduce greenhouse 25 gas emissions, leading to a strong expansion of renewable energy (RE) systems, which is expected 26 to be continued in the future. By 2050 at least 80 % of Germany's electricity demand is supposed to 27 be supplied by RE production [1] . Due to their relatively small nominal power these power plants 28 are mainly connected to the distribution grid (e.g. [2, 3] ). This substantial transition of energy supply In addition to feed-in management further innovative options supplementing conventional grid Furthermore, a number of these novel options as well as the transformation of the generation 148 landscape and the planned electrification of the heat and mobility sectors will impact dependencies and 149 simultaneities on the demand and generation side, making simplified worst-case assumptions based 150 on sweeping standardized factors less precise and thus leading to an over-or underdimensioning of 151 the grid [35] . Numerous studies have therefore analysed and reviewed new innovative grid planning 152 methods and design cases [35, 36, [38] [39] [40] , though these are not widely applied by DSOs. 
Methods

154
The software tool eGo aims at optimizing the electrical grid and storage devices throughout all 155 voltage levels. This is achieved by a top-down approach: First, the integrated EHV and HV grid 156 is optimized with the tool eTraGo (Section 3.2). Subsequently, a selection of MV (and subordinate the further methods and assumptions leading to suitable data sets for the power grid planning tools. 
Optimization of extra-high and high voltage levels
218
Addressing the high complexity of the data model we used certain reduction methods which 219 abstract the temporal and spatial resolution.
220
The spatial resolution was reduced by adapting a reduction method described in [9] . Therefore the 221 original number of buses was decreased by applying a k-means clustering algorithm using Python's 222 scikit learn package (cf. [64] ). The weighted squared euclidean distances of each k centroid to its 223 1 eGo 100 scenario: includes seven technologies for Germany (biomass, run_of_river, solar, wind_onshore, wind_offshore, geothermal, reservoir) and additionally gas for neighbouring countries. Step all data points are assigned to the nearest (initially randomly set) cluster center. Afterwards each cluster center is reset to the centroid of its current cluster. These steps are repeated until convergence.
clustered members are minimized by performing the following iterative expectation-maximization (E-M)
224
algorithm (see also exemplary visualization in Figure 3 
All lines between two clusters are represented as one. The nominal capacities and the admittances 241 of the original lines were summed up accordingly.
242
The generators and storage units at the buses are aggregated with respect to the carrier type.
243
Considering weather-dependent resources (i.e. wind and solar) which differ from one weather cell to 244 another, the power plants normalized maximal possible power outputs are weighted by their capacities 245 within one carrier type. In case of storage units the aggregation differentiate additionally according to 246 the power-to-energy (P-E) ratio.
247
The temporal resolution can be reduced by various clustering methods. Coming to inter-temporal 248 restrictions which the dispatch of storage units imply, many of those methods are limited in their 249 performance. In this work, we chose a simple solution which periodically leaves out snapshots (cf.
[9]).
250
Particularly we considered only every fifth hour. This reduces the run-time of eTraGo substantially and 251 also implies significant run-time savings for the following processes in eDisGo (see Section 3.3.3).
252
The reduced data set was subject to a linear optimal power flow method (LOPF) [65] 
The assumptions on the investment costs can be observed in Table 1 annualized. The marginal costs of the generators for the different scenarios are taken from [14] .
269
The modelling of storage units is precisely based on a previous work [43] in which the 270 corresponding assumptions and methods are described in detail. Two different storage technologies 271 were considered potentially providing short-term and long-term flexibility to a future electricity system.
272
Battery storage units could be built at every node and operate on an hourly scale being able to store and 273 provide energy for six hours at full capacity [43] . In contrast the hydrogen storage units have a much 274 higher P-E ratio of 1/168 and could only be built at certain buses where the potential of natural salt 275 caverns is given [43] . Moreover, all lines, DC links and transformers were assumed to be extendable.
276
The grid expansion was limited such that each line can be extended by a maximum of four times its 
279
In the LOPF the maximal possible power flow over a line or transformer is constrained by its 280 nominal thermal limit capacity. Concerning n-1 security it was assumed that all grid components being 281 operated at 380 and 220 kV grid can be loaded at a maximum of 70 % of their nominal capacity [13] .
282
Presuming a less redundant HV grid with an average of two parallel systems 2 , the 110 kV components 283 can be used at a maximum of 50 %. Regarding the cross-border power lines we reduced the n-0 thermal 284 capacities and instead assumed net transfer capacities from 2015 [67] as a status quo base. By this, we 285 aim to avoid an overestimation of the possibility to trade electricity from one market region to another.
286
The LOPF lead to results concerning active power flows and dispatches. In the interest of 287 simulating reactive power flows it was followed by a non-linear Newton-Raphson power flow 288 algorithm (PF). As a prerequisite another LOPF was realized which uses updated reactances of nominal capacity of a line before and after optimization. Therefore it is assumed that the additional 291 line capacity is installed as a parallel circuit to the original one. Thus, the second LOPF re-optimizes 292 the dispatch considering the updated reactances within the linearised AC power flow equations.
according to the osmTGmod data model the average number of parallel power line systems is 1,9 since a resolution of k=300 leads to sufficient aggregate sizes. Consequently, the reactive power 296 dispatch will be a variable to be determined by the PF. The reactive power will be produced locally
297
where it is demanded. The reactive behavior of the grid components and the aggregated loads is 298 considered. The aggregated loads are assumed to have a power factor cos φ of 0.95 (inductive) [14, 68] .
299
The bus with the largest annual dispatch in the LOPF is defined as the slack bus for the PF [14, 69] . the same time they serve as slack buses for the subordinate MV grids.
309
As described above, a clustering method is applied to the integrated EHV and HV grid in order to 310 reduce its spatial complexity. For this reason, the first step of the interface consists of distributing the 311 optimization results back to the original HV-MV substations, a process which is called disaggregation.
312
During disaggregation, the optimization results obtained for the clustered optimization problem 313 are distributed uniformly using specific weights, depending on which type of component the results
314
where computed for. More specifically, for each generator representing a cluster, its active and reactive 315 power time series are distributed to the generators the cluster represents, while for storage units,
316
the state of charge and the optimized installed capacity are also distributed. Note though, that the 317 latter value in particular is not time dependent. As stated above, the formulas used to distribute 318 values computed for a cluster differ, depending on which type of component they are generated for.
319
These distribution strategies are explained in the following, starting with how storage capacities are 320 distributed.
321
Equation 4 contains H, the optimized storage capacity, andĥ, the upper bound on how much where the weight is determined by the fraction that the upper bound on the investment on a storage's capacity contributes to the sum of all such upper bounds. In Figure 4 this disaggregation is exemplarily 327 visualized for one aggregated battery storage unit.
The distribution of state of charge, denoted by soc, and power output, denoted by h, is governed 329 by Equations. 5 and 6, which are similar to Equation 4, except that they have to take into account the 330 current snapshot t, as the values they are distributing are time dependent.
Again, the values are distributed as weighted averages, except that the weights are determined 
350
In eTraGo, the installation of storage units is an essential parameter of the investment optimization.
351
It is important to note that the intended purpose of storage units is not only limited to a temporal As mentioned in Section 3.2, the temporal resolution was reduced by only considering every 360 fifth hour. Furthermore, a spatial clustering was applied to the original HV-EHV network. In order 361 to achieve acceptable computation times, another spatial reduction was necessary with regard to the 362 MV grids. Simulating the total number of over 3,000 MV grids was beyond the scope of this study.
363
Instead, the objective here was to estimate the total costs of grid expansion, based on a smaller number 364 of representative MV grids. To achieve this, a k-means clustering algorithm as described in 3.2 was 365 applied.
366
Clustering is a process of finding natural groups in a set of data [70] . By defining numeric attributes, each MV grid can be described as a point in a multidimensional space (cf. Figure 3) . The k-means algorithm then takes the task to identify clusters of points within this space. Due to the usage of the Euclidean distance an equal weight is assigned to each attribute. Therefore, as a first step the attribute data is normalized as follows
where each value x a,i represents an attribute a ∈ {1, ..., N a } of grid i ∈ {1, ..., N i }.
376
After the successful convergence of the k-means algorithm a representative grid is chosen for 377 each cluster. This grid is the one with the shortest distance to the cluster center representing all grids 378 within this cluster. In order to calculate expansion costs for all grids the results for one representative 379 is multiplied by its weight which is determined by the amount of grids in the particular cluster. In Relative deviation of grid expansion costs of different k cluster approximations compared to the calculation of all MV grids using the simple worst-case method. Following, the implementation of the three flexibility options curtailment, storage integration and 414 grid expansion is outlined. As knowledge about how grid expansion is conducted is important for 415 explanation of aspects of the curtailment and storage integration methodology it is presented first. 
where k n,r,t is the curtailed power of generator r at node n and time step t, V n,t is the bus voltage,
465
V threshold is the voltage above which solar and wind generators are curtailed and a is the slope factor of 466 the linear relation.
467
The method is adapted in such a way that the curtailment of a DG is not only a function of the 468 bus voltage but also of the weather-dependent availability, whereby DG with higher bus voltages and 469 availability are potentially curtailed stronger. Furthermore, an offset is added in order to guarantee the 470 fulfillment of curtailment requirements. The derived linear relation is shown in Figure 8 and stated in
471
Equation 9.
Here,ḡ n,r,t and G n,r are the weather-dependent normalized availability and the nominal power V threshold,n,t is defined in such a way that the higher the exceedance of the allowed voltage limit at 475 a grid connection point, the higher the curtailment of a generator at that node. As allowed voltage 476 deviations are defined with respect to the voltage at the station's secondary side that is in the case of
477
MV/LV stations a time-dependent value as well as dependent on the grid the node is in, V threshold,n,t as 478 well becomes dependent on these two variables and is calculated according to
where V n station ,t is the voltage at the station's secondary side, and ∆V n allowed is the allowed voltage 480 deviation in the RPF (cf. ∆V o f f set,t is decreased to a value where curtailment requirements can be fulfilled.
486
After ∆V o f f set,t is set for each time step, the slope a and intercept o f f set of the linear relation 
k n,r,t ≤ḡ n,r,t · G n,r ∀n, r ∈ (solar, wind), t
Preprints ( 
Storage integration methodology
496
Analog to the curtailment, the storage capacity to be distributed in the MV grids is obtained from 497 the LOPF of the EHV and HV levels. Opposite to the curtailment, the optimized storage capacity 498 only needs to be deployed if it can be used to reduce grid expansion costs in the respective MV grid.
499
Otherwise the storage remains at the primary side of the HV/MV substation. As the storage units are 500 a result of the optimization and have therefore proven to be more cost effective than grid expansion 501 measures, they are considered a cost-free flexibility option for the MV grid, neglecting the effect of 502 scale of capital costs.
503
As an optimization of storage sizing, siting and operation is a complex mixed-integer, non-linear, 
where H g is the storage capacity to be distributed in the respective MV grid.
511
Since storage capacity is limited and might not be sufficient for peak shaving in each feeder,
512
all MV feeders in the MV grid are first ranked by grid expansion costs that arise from necessary 513 grid expansion needs without storage, applying the grid expansion measures described above. The 514 following four steps are then conducted for each feeder, starting with the feeder the highest costs can 515 be attributed to.
516
First, a PF is conducted to determine if any overloading or voltage issues occur in the respective 517 MV feeder. If that is the case, storage nominal power is determined in a second step by finding the 518 storage size that minimizes the maximum load in the feeder using Equation 16. Here, l f t is the applicable load factor in the respective time step depending on whether it is a HLF 520 or a RPF (see Table 3 ). P f ,t is the active power in the feeder at the HV/MV substation calculated from 521 the electrical load d n,t , the generator dispatch g n,r,t and grid losses l f ,t in the feeder (see Equation 17 ).
522
Analogously to P f ,t , Q f ,t is the reactive power in the feeder calculated from the reactive power of loads 523 and generators, d n,t and g n,r,t , respectively, and the reactive power losses l f ,t (see Equation 18 ). 
Results
557
The results are presented for the scenarios NEP 2035 and eGo 100 with respect to the methods and 558 assumptions described in the previous section. The co-optimization of grid, storage and dispatch on the HV and EHV levels reveals that it is 561 most cost effective to substantially invest into the grid infrastructure. Hence, a total (n-0) capacity of 562 57.1 GVA should be additionally built. Due to the consideration of (n-1) security the value represents a 563 total capacity of 89.4 GVA. This additional capacity implies an increase of 5.5 % compared to the status 564 quo grid (considering the reduced network with k=300 nodes). In terms of overnight costs the grid 565 expansion in the entire model region adds up to 7.3 bn EUR. Table 7 provides an overview of how 566 these costs are regionally allocated.
567
The more specific spatial allocation of grid expansion measures in the EHV/HV can be observed 568 in Figure 10 . Mainly northern and cross-border line capacities are expanded. The substantial overall 569 investment into cross-border line capacities accounts for 21 % of the overall grid investment (cf. Table   570 7). In contrast, storage investment is merely needed. Only a negligible capacity of 11.4 MW is built 571 near the border to Austria (see Figure 10 ). The share of RE in energy production is 56.9 % for the 572 entire system. Germany shows a higher share of 62.2 %. At the same time a significant amount of 573 fluctuating RE is curtailed. In Germany, throughout the year 19% of the available wind and solar 574 energy is not used (11% in the entire system). Instead of investing into new storage units in order 575 to use this energy to substitute conventional energy production it is more cost effective to use the 576 flexibility of available conventional power plants, which are expected to still be existent in this scenario 577 (cf. Figure 1) . Moreover, the mentioned strong interconnections to the neighboring countries provide 578 additional cost effective energy balancing resulting in a net import of 10 % compared to the German 579 load.
580
As described in Section 3.2 after two LOPF a PF was performed that converged in every snapshot.
581
Hence, the results include and consider reactive power loads and grid losses. As the 300 buses were all 582 modelled as PV nodes reactive power was supplied locally. Grid losses for the German system were 583 reasonably low at 0.6 % compared to the demand. For the MV/LV level additional losses between 584 1.1 % in case of the RPF and 1.4 % during HLF were calculated.
585
The grid expansion costs for the MV and LV level for the four approaches Flex, Reference,
586
Worst-Case-600, and Worst-Case-3591 described in Section 3.3.3 can be observed in Table 6 . A comparison -Worst-Case scenarios substantially lower grid expansion costs can be observed. In this scenario, the 
Scenario eGo 100
598
In this scenario the optimized power plant dispatch leads to an overall RE share of 99.9 % (0.1% 599 are produced by the gas fired power plants in the countries surrounding Germany, cf. Figure 1) .
600
Furthermore the co-optimization depicts a grid expansion of 73.2 GVA in the EHV and HV levels.
601
Considering the (n-1) security this value rises to a total expansion of 114 GVA and a monetary overnight 602 investment of 8.6 bn EUR (cf. Table 7 ). This implies 28 % more grid expansion than needed in the NEP 603 2035 scenario.
604
In contrast to the NEP 2035 scenario the system requires a significant amount of storage units. An 605 overall storage expansion of 13.7 GW was computed for Germany which in terms of overnight costs corresponds to an investment of 11 bn EUR (cf. Table 7 ). In Figure 11 the spatial allocation of these grid 607 and storage investments can be observed. Primarily in the north the salt caverns are used for long-term another grid, sums up to 54 %.
636
Despite substantial reduction of grid expansion costs in some MV grids by integration of storage 637 units a comparison of the eGo 100 -Flex and eGo 100 -Reference scenarios shows that overall grid 638 expansion costs could not be reduced by the flexibilities (see Table 6 ). This implies that the usage of to derive results for whole Germany while keeping computational effort manageable, complexity 770 reduction methods were developed on the EHV/HV as well as for the MV/LV level.
771
In a mid-term scenario for the year 2035 storage expansion is not an economically feasible option.
772
For a 100 % renewable power system in Germany 14 GW storage and 114 GVA grid expansion are 773 co-optimal considering an EHV and HV grid model. Taking into account all voltage levels, total grid 774 expansion investment of 18.6 bn EUR and storage expansion expenses of 11.1 bn EUR are cost-efficient.
775
Due to the unidirectional top-down approach the cost-efficient usage of flexibility options i.e. 16. 50Hertz Transmission GmbH, Amprion GmbH, TenneT TSO GmbH, TransnetBW GmbH.
